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A  multiple  spin-coating  deposition  procedure  of  Ceo.9Gdo.1O1.95  (CGO)  for  application  in  solid  oxide  fuel 
cells  (SOFCs)  was  developed.  The  thin  and  dense  CGO  layer  can  be  employed  as  a  barrier  layer  between 
yttria  stabilised  zirconia  (YSZ)  electrolyte  and  a  (La,  Sr)(Co,  Fe)03  based  cathode.  The  decomposition  of 
the  polymer  precursor  used  in  the  spin-coating  process  was  studied.  The  depositions  were  performed  on 
anode  supported  half  cells.  By  controlling  the  sintering  temperature  between  each  spin-coating  process, 
dense  and  crack-free  CGO  films  with  a  thickness  of  approximately  1  p>m  were  obtained.  The  successive 
steps  of  dense  layer  production  was  investigated  by  scanning  electron  microscopy.  X-ray  diffraction 
was  employed  to  monitor  the  crystal  structure  of  the  CGO  layer  sintered  at  different  temperatures.  The 
described  spin  coated  barrier  layer  was  evaluated  using  an  anode  supported  cell  with  a  composite  cathode 
made  of  Lao.58Sro.4Coo.2Feo.8O3  (LSCF)  and  Ceo.9Gdo.1O1.95.  The  developed  CGO  layer,  was  sufficient  to 
restrain  reactions  between  the  perovskite  based  electrode  and  the  electrolyte. 
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1.  Introduction 

In  order  to  increase  the  efficiency  of  solid  oxide  fuel  cells  (SOFCs) 
especially  at  low  temperatures  it  is  necessary  to  reduce  the  cathode 
polarisation  [1].  Replacing  the  commonly  used  (La,  Sr)Mn03  cath¬ 
ode  material  by  electro-catalysts  containing  iron  and  cobalt  in  the 
B-sublattice  such  as  (La,Sr)(Co,Fe)03  can  significantly  reduce  the 
polarisation.  However,  at  high  temperature  LSCF-based  perovskites 
react  with  the  standard  yttria  stabilised  zirconia  (YSZ)  electrolyte 
forming  La2Zr207  and  SrZr03  [2,3].  The  oxide-ion  conductivity 
of  these  reaction  products  are  3.7  xlO-6  and  4.3  x  10-5  Son-1 
at  750 °C  for  La2Zr207  and  SrZr03,  respectively  [4],  which  is  low 
compared  with  the  conductivity  of  pure  8YSZ  (approximately 
0.01  S  cm-1  [5]).  Thus  the  formation  of  these  rection  products  signif¬ 
icantly  reduce  cell  performance.  One  solution  to  this  problem  is  to 
employ  an  interdiffusion  barrier  layer  between  a  LSCF-based  cath¬ 
ode  and  the  YSZ  electrolyte  [6,7].  Ceo.9Gdo.1O1.95  (CGO)  is  usually 
used  as  barrier  layer  as  it  has  a  high  oxide  ion  conductivity,  inertness 
towards  both  LSCF  and  YSZ  (at  low  temperatures)  as  well  as  chemi¬ 
cal  stability  under  cell  operating  conditions.  An  ideal  interdiffusion 
barrier  should  be  thin  (with  respect  to  the  electrolyte  thickness),  of 
as  high  volumetric  density  as  possible,  and  should  allow  manufac¬ 
turing  by  a  fast,  cost-efficient,  and  up-scalable  process. 
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Conventional  ceramic  thick  film  deposition  techniques  such  as 
screen  printing  or  spraying  followed  by  constrained  sintering,  or 
co-firing  with  the  half-cell,  generally  require  temperatures  above 
1 200  °C  in  order  to  generate  sufficient  densification  and  adhesion  of 
the  CGO  layer  to  the  electrolyte.  CGO  and  YSZ  form  a  solid  solution 
at  these  temperatures  by  cation  diffusion  [8].  The  CGO*  :  YSZ(1_x) 
solid  solution  has  a  significantly  lower  oxide  ion  conductivity  than 
either  of  the  pure  compounds  [9-12],  and  thus  may  result  in  an 
increased  cell  resistance. 

Interdiffusion  barrier  layers  produced  by  screen-printing  and 
spraying  are  generally  of  a  thickness  in  the  range  4-10  pm, 
although  recent  work  by  van  Berkel  et  al.  demonstrated  screen- 
printed  ceria  barrier  layers  as  thin  as  1.4  pm  [13].  However,  the 
porosity  of  these  screen-printed  and  sequentially  fired  barrier  lay¬ 
ers  was  in  the  range  25-30%,  even  after  sintering  at  1300  °C  and  it 
was  shown  that  the  ionic  conductivity  of  the  CGO  layer  was  lower 
than  expected  due  to  interdiffusion  between  CGO  and  YSZ.  An  ideal 
bilayer  electrolyte  structure  consisting  of  a  10  pm  thick  dense  CGO 
layer  on  top  of  a  10  pm  thick  dense  8YSZ  layer  has  approximately 
26%  greater  resistance  than  the  8YSZ  layer  alone  at  700  °C.  Decreas¬ 
ing  the  thickness  of  the  CGO  layer  to  1  pm  reduces  the  bilayer 
resistance  to  a  value  only  2.6%  greater  than  that  of  the  8YSZ  layer 
alone  [14,15]. 

By  employing  vacuum  deposition  techniques  such  as  Chemical 
Vapour  Deposition  (CVD)  [16],  or  different  Physical  Vapour  Depo¬ 
sition  (PVD)  techniques  such  as  Magnetron  Sputtering  [17],  pulsed 
laser  deposition  [18],  E-beam  Evaporation  [17],  it  is  possible  to  pro- 
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duce  very  thin  (submicrometer)  and  practically  ideal  barrier  layers 
of  CGO.  However,  scalability  and  cost-efficiency  of  these  techniques 
are  questionable  for  this  application. 

In  this  paper  a  reproducible  way  of  producing  a  CGO  barrier  layer 
of  nearly  100%  volumetric  density  at  temperatures  below  1200°C 
is  presented,  thus  minimising  detrimental  interdiffusion  between 
the  YSZ  electrolyte  and  the  CGO  barrier  layer.  Multiple  spin-coating 
depositions  of  a  solution  containing  the  metal-nitrates,  onto  an 
anode  supported  YSZ  electrolyte  (a  half-cell)  in  conjunction  with 
a  number  of  sintering  steps  were  used  to  obtain  dense  and  thin 
barrier  layers. 


2.  Experimental 

The  spin-coated  CGO  layer  was  prepared  by  a  so  called  ‘wet 
route’  using  polymer  precursors.  The  precursor  was  prepared  by 
dissolving  Ce(N03)3  •  6H20  and  Gd(N03)3  •  6H20  (with  molar  ratio 
of  Ce:Gd  =  0.9:0.1)  in  ethylene  glycol  and  water.  In  contrast  to  the 
procedures  developed  by  Anderson  et  al.  [19]  no  additional  acids 
were  added.  The  pH  of  the  precursor  solution  was  approximately 
neutral  (pH  «  7)  at  all  times. 

The  solution  was  stirred  on  a  hot-plate  in  the  temperature  range 
70-90  °C.  Weighing  after  approximately  24  h  of  heating  indicated 
that  the  water  had  completely  evaporated.  This  state  of  the  precur¬ 
sor  will  in  the  following  be  denoted  as  the  initial  state.  When  the 
initial  state  has  been  reached  the  ethylene  glycol  will  start  to  evap¬ 
orate  and  therefore  the  hot-plate  temperature  can  be  increased 
above  100°C  in  order  to  speed  up  the  preparation  process  of  the 
precursor. 

An  important  processing  parameter  is  the  viscosity  of  the  pre¬ 
cursor  prior  to  spin-coating.  The  viscosity  of  the  solution  was 
measured  as  a  function  of  time  of  heating  to  determine  when  the 
target  viscosity  (150mPas)  was  reached.  A  Haake  Rheostress  600 
controlled  stress  rate  rheometer  was  used  to  collect  viscosity  data. 
Measurements  were  carried  out  under  shear  stress  ranging  from 
0.02  to  12  Pa.  A  constant  temperature  of  21  °C  was  maintained  for 
the  experiment  using  a  DC30  temperature  control  unit.  Parallel 
plates  with  60  mm  diameter  (PP60Ti)  were  used  at  a  gap  distance 
of  500  [xm 

The  prepared  solutions  of  polymer  precursor  were  deposited  on 
half-cells  and  spin  coated.  Several  rotation  rates  were  tested  and 
finally  a  speed  of  2000  round  per  minute  (rpm)  was  chosen.  If  the 
rotation  rate  was  significantly  below  2000  rpm  the  deposited  layer 
was  too  thick  which  was  followed  by  formation  of  drying  cracks. 
At  rotation  rates  significantly  above  2000  rpm  a  too  small  amount 
of  precursor  remained  on  the  sample  which  caused  dewetting  of 
the  CGO  precursor  solution.  All  results  presented  in  the  following 
are  thus  prepared  at  2000  rpm.  After  spin-coating  the  layer  was 
dried  in  a  conveyor-belt  furnace  at  250  °C  for  30  min  except  where 
noted.  This  procedure  will  be  referred  to  as  the  ‘deposition  step’  in 
the  following. 

The  layer  structure  was  investigated  as  a  function  of  the  number 
of  deposition  steps.  After  a  certain  number  of  deposition  steps  the 
layer  was  sintered  at  1100°C  for  4h.  On  the  most  promising  sam¬ 
ples  with  barrier  layers  a  composite  (50:50  wt%)  LSCF:CGO  cathode 
was  deposited  by  screen  printing  and  sintered  at  a  temperature 
above  1000°C.  LSCF  refers  to  La0.58Sr0.4Coo.2Feo.803_s  and  CGO  to 

Ceo.9Gdo.1O1  .95- 

The  crystal  structure  of  the  prepared  layer  was  investigated  with 
X-ray  diffraction  (XRD).  A  Stoe  Bragg-Brentano  X-ray  diffractome¬ 
ter  with  CuKa  was  used  in  the  2©  range  15-90°.  Reflections  were 
collected  with  a  rate  of  0.6 0  per  minute.  The  obtained  diffraction 
patterns  were  compared  with  a  prepared  reference  powder  and 
with  literature  data. 


Fig.  1.  Viscosity  rj  of  the  precursor  solution  as  a  function  of  time.  The  line  is  a  guide 
to  the  eye. 

Scanning  electron  microscopy  (SEM)  was  used  to  investigate  the 
microstructure  of  the  prepared  layers.  Images  were  taken  using  a 
Zeiss  Supra  35  Field  Emison  SEM  (FESEM)  in  standard  and  Inlense 
secondary  electron  imaging  mode.  Also,  the  back  scatter  electron 
detector  was  employed  as  to  distinguish  compositional  differences. 
For  cross  section  investigations  samples  were  fractured  or  polished. 

Thermogravimetry  was  used  to  study  the  thermal  decomposi¬ 
tion  of  the  dried  precursor  using  NETZSCH  STA409  PC/PG.  The  mass 
of  the  measured  samples  was  60.89  mg.  The  heating  and  cooling 
rates  were  2  and  10°Cmin-1,  respectively.  The  temperature  range 
from  1 20  to  1 1 50  °C  was  investigated. 

Electrochemical  impedance  spectroscopy,  EIS,  measurements 
were  carried  out  on  the  cell  using  a  Solartron  1260  Gain-Phase 
Analyzer  and  in-house  built  cell  voltage  compensation  electron¬ 
ics.  The  cell  was  sandwiched  between  ceramic  gas  distributor 
plates  contacted  by  metal  plates  to  give  the  following  assembly: 
Ni-plate/Ni-YSZ  cermet  gas  distributor  plate/Fuel  Cell/LSM  gas  dis¬ 
tributor  plate /Au-plate.  This  assembly  was  mounted  in  an  alumina 
test  house  that  was  placed  in  a  furnace.  The  test  setup  and  alu¬ 
mina  test  house  have  been  described  in  detail  in  Ref.  [15].  The 
measurements  described  in  this  work  were  carried  out  at  open  cir¬ 
cuit  voltage  (OCV)  using  a  sinusoidal  current  perturbation  with  an 
RMS  amplitude  of  60  mA.  All  measurements  were  carried  out  with  a 
total  fuel  flow  of  25 1  h-1  (26  ml  min-1  cm-2 )  and  an  oxidant  flow  of 
140 lh-1  (146  ml  min-1  cm-2).  The  fuel  was  humidified  hydrogen 
with  4%  or  20%  water,  and  the  oxidant  was  air. 

Polarisation  curves  were  recorded  in  current  controlled  mode 
and  the  area  specific  secant  resistance  was  determined  at  0.6  V.  The 
reported  ASR  values  were  corrected  for  fuel  utilisation  according  to 
the  procedure  described  in  Ref.  [20]. 

3.  Results  and  discussion 

From  a  previous  study  it  is  known  that  dense  CGO  layers  can 
be  produced  using  approximately  100  deposition  steps  [21  ].  In  this 
article  we  investigate  if  it  is  possible  to  produce  a  similar  layer  in 
much  fewer  deposition  steps.  Three  precursors  with  different  vis¬ 
cosity  were  prepared  to  investigate  the  effect  of  layer  production. 
Viscosities  of  50, 100  and  150mPas  were  obtained  by  heating  the 
initial  solution.  Viscosity  as  a  function  of  time  is  shown  in  Fig.  1.  It  is 
observed  that  the  precursor  viscosity  reach  50  mPa  s  after  approx¬ 
imately  73  h.  The  target  viscosities  of  100  and  150mPas  were 
obtained  after  88  and  95  h,  respectively.  After  reaching  lOOmPas 
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Fig.  2.  XRD  diffraction  patterns  of  precursors  of  different  viscosities  dried  at  130  °C 
for  (a)  50  mPa  s,  (b)  1 00  mPa  s  and  (c)  1 50  mPa  s. 


the  solution  needs  to  be  supervised  carefully,  as  the  viscosity  starts 
to  change  rapidly.  If  the  heat  treatment  is  continued  after  reaching 
1 50  mPa  s  a  yellow  precipitate  will  eventually  form. 

It  was  noticed  that  the  precursor  viscosity  change  is  highly 
dependent  on  the  evaporation  area  of  the  liquid,  indicating  that  the 
viscosity  rise,  is  due  to  a  concentration  change  together  with  the 
proceeding  polymerisation  reaction  [22,23  ].  During  this  reaction  an 
intermediate  product  of  cerium  formate  Ce(OOCH)3  is  formed.  To 
confirm  this,  precursor  solutions  of  different  viscosity  were  dried  at 
1 30  °C  in  a  furnace.  This  resulted  in  the  formation  of  a  powder  for  all 
three  viscosities,  which  were  investigated  by  XRD.  The  results  are 
presented  in  Fig.  2.  For  the  solution  that  had  a  viscosity  of  1 00  mPa  s 
the  resulting  powder  shows  traces  of  cerium  formate.  In  the  pow¬ 
der  originating  from  the  150mPas  viscous  precursor,  the  formate 
phase  is  clearly  identified.  The  most  intensive  peaks  in  all  of  three 
diffraction  patterns  originate  from  the  CGO  phase.  From  the  width 
of  the  peak  and  Scherrer’s  equation  the  CGO  particle  size  was  cal¬ 
culated  to  5  nm.  A  preliminary  Transmission  Electron  Microscope 
(TEM)  investigation  also  indicated  the  same  particle  size.  From 
Rietveld  refinement  a  cubic  lattice  parameter  of  a  =  5.41 72  A  was 
calculated.  This  value  is  consistent  with  literature  (28795-ICSD). 

The  powder  made  of  the  precursor  with  the  lowest  viscosity  was 
investigated  using  thermogravimetry  (TG).  Fig.  3  shows  the  weight 
loss  as  a  function  of  temperature.  The  heat  treatment  at  250  °C  used 
for  drying  the  layers  does  not  eliminate  all  the  solvent  remain- 
ings  from  the  precursor.  Continuous  weight  loss  is  observed  up  to 
1000°C.  It  is  especially  important  to  notice  that  the  material  con¬ 
tinues  to  lose  a  significant  amount  of  weight  at  temperatures  above 
800  °C.  This  indicates  that  the  solvent  remainings  are  present  in  the 
films  even  at  very  high  temperatures  and  approximately  1000°C 
is  needed  to  obtain  a  pure  layer  containing  only  oxide.  The  mass 
increase  observed  between  600  and  800  °C  is  probably  caused  by 
material  reoxidation  after  carbon  burn  out  at  600  °C.  Upon  cooling 
no  mass  change  within  the  uncertainty  could  be  observed. 

Following  the  results  of  Pan  et  al.  [24]  it  should  be  possible  to 
prepare  a  dense  layer  after  4-6  depositions  using  a  150mPas  vis¬ 
cous  precursor.  In  this  study  it  was  found  that  the  50  mPa  s  viscous 
precursor  gave  a  better  surface  coverage  during  spin-coating  depo- 


Fig.  3.  The  mass  change  of  the  powder  as  a  function  of  temperature  determined 
by  the  thermogravimetry.  The  powder  was  made  from  the  polymer  precursor  of 
50  mPa  s  dried  at  130  °C. 


sition.  The  precursor  with  a  viscosity  of  150mPas  was  difficult  to 
distribute  homogeneously  across  the  whole  surface,  resulting  in 
an  uneven  layer  formation.  This  could  be  due  to  the  lower  surface 
tension  of  the  precursor  with  lower  viscosity. 

The  precursors  with  different  viscosities  (50,  100,  150mPas) 
were  deposited  on  half-cells  in  2, 4  and  6  deposition  steps.  All  sam¬ 
ples  were  prepared  using  the  same  conditions  and  dried  after  every 
deposition  in  a  conveyor  belt  furnace  at  250  °C.  From  visual  inspec¬ 
tion  it  was  observed  that  some  samples  were  reflecting  light  which 
indicates  a  dense  and  crack-free  surface.  Samples  where  the  surface 
looked  frosted  was  attributed  to  a  cracked  layer.  The  surface  of  the 
prepared  samples  shows  a  layer  that  in  most  cases  looks  uniform, 
without  visible  large  particles. 

For  cross  section  investigation  samples  were  fractured  and 
images  were  recorded  using  electron  microscopy.  Fig.  4  shows 
cross-sectional  images  of  the  deposited  layers  (heat  treated  at 
250  °C).  The  seven  images  presented  in  Fig.  4  show  the  CGO  layers 
produced  at  different  precursor  viscosities  and  number  of  deposi¬ 
tion  steps.  The  specific  deposition  conditions  are  provided  in  the 
figure  caption. 

It  is  observed  that  films  could  be  produced  using  all  three  precur¬ 
sors  and  deposition  steps.  The  films  are  porous  and  the  thickness 
increase  with  the  number  of  depositions.  Only  for  the  layer  pre¬ 
pared  from  the  precursor  of  150mPas  in  six  deposition  steps  a 
thickness  exceeding  1  p,m  was  obtained.  All  other  prepared  CGO 
layers  were  between  250  and  lOOOnm  thick.  The  thickness  of  the 
layer  prepared  from  the  150  mPa  s  viscous  precursor  was  not  even 
along  the  sample  surface  and  the  continuity  of  the  layer  was  bro¬ 
ken  in  some  parts  of  the  deposited  layers.  The  films  produced  with 
the  50  and  the  lOOmPas  viscous  precursor  have  a  uniform  thick¬ 
ness  and  no  discontinuities  were  observed.  The  sample  prepared 
in  six  deposition  steps  from  the  50  mPas  s  viscous  precursor  was 
selected  for  further  investigations  of  the  influence  of  the  precursor 
remains  on  the  sintering  process.  For  this  purpose  the  sample  was 
fractured  and  pieces  were  individually  sintered  for  4  h  at  600,  900 
and  11 00  °C. 

The  deposited  and  sintered  layers  were  characterized  using 
XRD,  and  the  results  are  presented  in  Fig.  5.  All  collected  diffrac¬ 
tion  patterns  from  the  barrier  layer  deposition  on  half  cells,  showed 
peaks  from  YSZ  (electrolyte),  NiO  (anode)  and  the  layer  of  CGO.  This 
is  due  to  the  penetration  depth  of  the  X-ray,  that  is  grater  than  the 
thickness  of  the  barrier  layer  and  electrolyte.  Even  for  the  sintering 
temperature  of  250  °C  a  CGO  crystal  structure  can  be  identified.  The 
grain  sizes  derived  from  the  widening  of  the  peaks  using  Scherrer’s 
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Fig.  4.  Fracture  cross  section  SEM  pictures  of  prepared  layers  for  (a)  4  depositions  of  50  mPa  s  viscous  precursor,  (b)  6  depositions  of  50  mPa  s,  (c)  2  depositions  of  100  mPa  s, 
(d)  4  depositions  of  lOOmPas,  (e)  2  depositions  of  150mPas,  (f)  4  depositions  of  150mPas  and  (g)  6  depositions  of  150mPas. 


equation  was  estimated  to  5,  9, 1 5  and  32  nm  for  250, 600, 900  and 
1100  °C,  respectively.  The  increased  intensity  of  the  CGO  peaks  for 
the  900  °C  samples  is  probably  due  to  the  crystallisation  rate  of  the 
film. 

Samples  sintered  at  900  and  1100°C  were  polished  and  inves¬ 
tigated  by  SEM.  Fig.  6(a)  shows  a  layer  sintered  at  900  °C  and  (b) 
at  1100°C.  For  the  film  heat  treated  at  900  °C  the  sintering  of  the 
grains  is  causing  the  formation  of  many  small  closed  porosities.  For 
the  sample  sintered  at  1100°C  it  is  observed  that  the  grain  coars¬ 
ening  is  enhanced.  The  local  densification  of  the  layer  caused  by  the 
merging  of  neighboring  grains  causes  the  closed  porosity  to  become 
open.  Because  of  this,  a  column  like  CGO  structure  is  formed,  with 
a  spacing  of  around  20-50  nm  between  each  column. 

From  Fig.  6  it  is  observed  that  the  sintered  CGO  layers  cannot  be 
utilised  as  the  interdiffusion  barrier  layer  due  to  the  open  poros¬ 
ity.  Therefore,  it  was  investigated  whether  it  is  possible  to  refill  the 
voids  by  further  addition  of  CGO,  i.e.  that  is  to  add  further  deposi¬ 
tion  steps  after  the  porous  layer  has  been  formed.  For  this  study  6 
initial  layers  were  deposited  on  a  half-cell  and  sintered  at  1 100  °C. 
This  was  followed  by  two  additional  deposition  steps  that  were 
sintered  at  1 1 00  °C.  For  both  depositions  steps  the  50  mPa  s  viscous 
precursor  was  used.  It  is  especially  important  for  the  deposition 
steps  performed  after  the  first  high  temperature  sintering  to  use 
a  low  viscosity  precursor,  as  this  will  facilitate  the  porosity  infil¬ 
tration.  The  resulting  structure  is  shown  in  Fig.  7.  A  similar  layer 
as  for  the  6  deposition  steps  is  observed,  however,  at  the  interface 
region  between  CGO  and  YSZ  electrolyte  a  thin  dense  structure  can 
be  seen.  This  dense  structure  is  approximately  200  nm  thick  and 
join  the  initial  columnar  formations.  No  pin  holes  or  porosity  is 
observed  in  this  layer. 


This  indicate  that  it  is  possible  to  fill  the  open  porosity  by 
increasing  the  number  of  deposition  steps,  corresponding  to  an 
increased  amount  of  material  infiltrating  the  pores.  It  should  be 
noticed  that  the  layer  thickness  after  the  initial  6  deposition  steps 
is  not  increased,  indicating  that  the  material  deposited  in  the  fol¬ 
lowing  steps,  infiltrate  the  porosity  rather  than  sticking  to  the  top 
of  the  layer.  Based  on  these  observations  the  following  procedure 
was  carried  out  in  order  to  form  a  dense  CGO  layer:  4  deposition 
steps  were  performed  and  sintered  at  1 1 00  °C  which  form  the  initial 
CGO  skeleton.  To  fill  the  open  porosity  in  the  created  structure,  10 
deposition  steps  were  performed  and  sintered  at  1 100  °C.  This  was 
followed  by  additional  6  deposition  steps  and  sintering  at  1 100  °C. 
The  third  deposition  round  was  performed  in  order  to  close  the 
porosity  created  in  the  second  deposition  round.  The  resulting  layer 
is  shown  in  Fig.  8. 

It  is  observed  that  even  after  sintering  at  1 100  °C  the  CGO  layer 
remains  dense  with  no  visible  cracks  or  holes.  The  layer  thickness 
is  in  general  very  even,  with  a  thickness  of  1.5  p,m  along  the  whole 
sample  surface.  Several  samples  were  prepared  using  the  described 
procedure  and  all  of  them  gave  a  similar  microstructure. 

The  above  procedure  was  used  to  prepare  a  CGO  interdiffusion 
barrier  layer  on  53  mm  x53  mm  half-cells,  which  was  followed  by 
screen  printing  of  a  composite  (La,Sr)(Fe,Co)03_5:Ce0.9Gdo.iC)i.95 
cathode.  The  last  CGO  deposition  round  was  co-sintered  with  the 
cathode  at  a  temperature  below  1 1 00  °C.  Fig.  9  shows  a  back  scatter 
SEM  image  of  a  polished  cross-section  of  the  prepared  fuel  cell.  It 
is  observed  that  the  CGO  layer  has  a  thickness  approximately  1  p,m 
and  does  not  delaminate  either  from  the  electrolyte  ynor  from  the 
cathode.  The  CGO  layer  prepared  together  with  the  cathode  seems 
to  be  even  more  dense  than  previously,  which  is  probably  related 
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Fig.  5.  XRD  patterns  of  the  CGO  layers  sintered  at  three  different  temperatures  (a) 
900  °C,  (b)  600  °C  and  (c)  250  °C 

to  the  presence  of  sintering  agents,  i.e.  cobalt  [25].  Based  on  the 
methods  used  in  this  study,  no  additional  phases  were  identified  at 
the  interface  between  the  barrier  layer  and  the  electrolyte.  How¬ 
ever,  in  Fig.  9  the  slight  change  of  the  YSZ  colour  at  the  interface 
can  indicate  the  formation  of  thin  a  zirconate  layer. 

Two  cells  with  approximately  1  p,m  thick  barrier  layers,  and 
screen-printed  LSCF:CGO  cathodes  were  selected  and  electrochem- 
ically  tested.  The  cell  performance  was  measured  using  ac  and  dc 
techniques  in  the  temperature  range  850-650  °C.  In  order  to  gauge 
the  resistance  of  the  bilayer  (CGO-YSZ)  electrolyte  the  serial  resis¬ 
tance  of  the  cells  was  determined  by  electrochemical  impedance 
spectroscopy.  In  the  absence  of  current  constriction  and  significant 
contact  resistances  the  serial  resistance  of  the  cell  corresponds  to 
the  resistance  contribution  from  the  (bilayer)  electrolyte.  In  this 
case  the  serial  resistance  of  two  cells  with  spin-coated  barrier  layers 
was  compared  to  that  of  four  cells  with  nominally  identical  cath¬ 
odes  and  half-cells,  but  with  sprayed  and  co-fired  barrier  layers  of 


Fig.  6.  SEM  images  of  polished  samples  where  the  CGO  layers  have  been  sintered 
at  (a)  900  °C  and  (b)  1100°C 


Fig.  7.  SEM  pictures  of  CGO  after  6  depositions  steps  sintered  at  1100°  C  followed 
by  2  depositions  sintered  at  1100°C. 


Fig.  8.  SEM  image  of  layer  prepared  in  several  deposition  steps  (fractured  surface). 
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Fig.  9.  SEM  image  of  the  layer  prepared  in  several  deposition  steps  (polished  sur¬ 
face). 


Fig.  11.  DC  polarisation  curves  (and  power  curves)  recorded  at  750  °C  for  a  cells 
with  three  different  barrier  layers. 


significantly  greater  porosity,  or  barrier  layers  produced  by  pulsed 
laser  deposition  (PLD),  see  Fig.  10. 

The  data  in  Fig.  10  clearly  shows  that  the  total  bilayer  resistance 
is  smaller  for  the  spin-coated  barrier  layers,  than  for  the  sprayed 
and  co-fired  barrier  layer,  but  somewhat  greater  than  for  the  layers 
deposited  by  PLD.  Examples  of  polarisation  curves  recorded  for  cells 
with  three  different  barrier  layers  are  displayed  in  Fig.  1 1 .  The  per¬ 
formance  reduction  of  the  cell  with  the  spin-coated  barrier  layer 
is  most  likely  due  to  a  small  amount  of  zirconate  formed  at  the 
CGO/YSZ  interface.  It  was  reported  in  the  literature  [26,27]  that  the 
migration  of  the  strontium  can  occur  not  only  through  the  voids 
in  the  barrier  layer  but  also  through  the  grain  boundaries  of  the 
CGO.  The  grain  size  of  the  layers  produced  in  this  study  is  smaller 
than  the  one  obtained  from  PLD.  This  translates  into  a  significantly 
greater  amount  of  grain  boundaries  in  the  CGO  layer  deposited  by 
spin-coating,  as  compared  to  a  barrier  layer  produced  by  PLD  [26], 
which  may  result  in  a  slightly  increased  rate  of  zirconate  formation 
at  the  barrier-electrolyte  interface.  Flowever,  the  investigation  of 
the  samples  without  the  barrier  layer  indicates  that  an  insulating 
layer  of  approximately  1  p>m  is  formed  during  the  cathode  sintering 
process.  Using  the  literature  data  the  resistance  of  such  interlayer 
was  estimated  to  be  more  than  three  times  higher  than  the  Rs  mea¬ 
sured  in  this  study  (i.e.  approximately  0.6  £2  cm2  at  750  °C)  [4].  The 
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Table  1 

The  Area  Specific  Resistance  (ASR)  and  serial  resistance  Rs  for  cells  with  different 
barrier  layers  measured  at  750  °C. 


Barrier  layer  on  cell 

Tcell(atOCV) 

[°C] 

ASR  at  0.6  V  [Q  cm2] 

Rs  (at  OCV) 
[£2cm2] 

Sprayed  and  co-fired 

750 

0.26  (±0.04) 

0.18  (±0.02) 

Spin-coated 

750 

0.18  (±0.01) 

0.11  (±0.01) 

PLD 

750 

0.18  (±0.01) 

0.10  (±0.01) 

estimated  resistance  is  plotted  in  Fig.  10  for  comparison.  A  sum¬ 
mary  of  the  performance  of  the  cells  with  the  three  different  barrier 
layers  is  presented  in  Table  1.  The  lower  resistance  recorded  with 
the  presence  of  the  spin-coated  CGO  barrier  clearly  indicates  that 
the  formation  of  insulating  layer  was  significantly  reduced. 

4.  Conclusions 

A  method  for  producing  a  barrier  layer  of  CGO  was  devel¬ 
oped  using  spin  coating.  The  described  spin  coated  barrier 
layer  was  evaluated  using  an  anode  supported  cell  with  a 
Lao.58Sro.4Fe0.8Coo.203:Ce0.9Gdo.iOi.95  cathode.  The  thin  CGO  layer 
was  sufficient  to  prevent  reactions  between  the  perovskite  based 
electrode  and  the  YSZ  electrolyte  on  cathode  firing.  Further,  no 
solid  solution  formation  between  the  YSZ  and  CGO  layer  could  be 
observed  using  electron  microscopy.  The  electrochemical  perfor¬ 
mance  of  the  cell  was  evaluated  using  impedance  spectroscopy  and 
from  this  a  series  resistance  could  be  deduced.  This  series  resis¬ 
tance  was  significantly  lower  than  a  similar  cell  (same  half-cell  and 
cathode)  employing  a  sprayed  and  co-fired  CGO  barrier  layer.  The 
series  resistance  was  slightly  higher  than  a  cell  with  a  barrier  layer 
produced  using  pulsed  laser  deposition.  In  conclusion  an  easy  up- 
scalable  method  for  the  deposition  of  a  thin  CGO  layer  using  spin 
coating  on  an  already  sintered  anode  supported  YSZ-electrolyte 
was  demonstrated. 
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